Abstract-The topology of grounding grid is important for diagnosing its status, which plays a critical role in the safety of personnel and stable operation of power system. The electromagnetic field method and derivative of surface magnetic flux density on the line has been used to measure the branch position in case the grid is parallel to the plane of earth surface that in practice is unknown while the node points and connections were not discussed. This paper introduces a method that uses derivative of surface flux density on circles and lines in a systematic order to find the position of the grid in the plane of the earth surface and connecting the nodes to measure the full topology. This method even identifies any angled branch present in the mesh of a grid. Software simulations and experimental tests verify that the method is feasible and can be applied to identify the topology of a grounding grid.
INTRODUCTION
Lightening and short-circuit currents cause surges in the substation that endanger the operation of power system and the lives of personnel working in the substation. The system that ensures the safety of power system and operators working in a substation is known as the Grounding System and the component of the grounding system that provides a low resistance path to the surge currents to flow into the earth and controls the surface potential gradients is called the grounding grid [1] [2] [3] [4] . The grounding grid is a network of conductors of certain topology depending on the need, usually rectangular in shape that is made of steel or galvanized steel or even made of copper in some developed countries [5] . As the name indicates, grounding grid is buried inside earth with depth ranges from 0.7 to 1 m and can only be accessed through vertical conductors from the earth surface. The mesh size of a practical grounding grid varies from 3 to 7 m [4] .
Since the grounding grid is made of metal or metal alloys and buried in soil, it is almost impossible to know the status of the grid at any time due to corrosion where metals are oxidized making the grid resistive to the flow of fault currents, inefficient and dangerous for the electrical equipment and workers inside a substation [5, 6] . Researchers have been working to find a method that can identify the status of the grid. This includes using the electromagnetic induction method [6, 7] , but the method is not applicable in case the grid is corroded, but not broken. Another method previously employed is using Transient Electromagnetic Imaging (TEM) to measure the electrical resistivity of the grounding conductors and locating the breakpoints [8] , but the method cannot differentiate between a break point and absence of conductor. Furthermore, the work in [8] did not discuss the corroded branches either. Lastly, some studies have used the Method of moment (MoM) to develop a mathematical formula for the diagnosis, but failed to show the standard value of difference between real and theoretical leakage currents to be considered for the broken conductor [9] .
Topology of the grounding grid plays an important role in its status diagnosis because it is difficult to diagnose corroded grid until its topology is known. In some cases due to human error the drawing of the grid is either lost or so much spoiled that it becomes hard to identify the topology. Since excavation is costly and time-consuming methods are to be developed to identify the topology of the grid.
Geophysical prospecting methods are used to determine the location, depth and other fundamental characteristics of underground geological structures and ore bodies. For example, the work in [10] used electrical resistivity tomography and seismic refraction tomography to detect buried cavities, [11] used gravity and magnetic techniques to detect iron ore deposits, [12] used electromagnetic and gamma radiometric data to detect the depth of water table and [13] used electromagnetic technique to detect water table depth and moisture content in soil. Since geophysical prospecting methods are used for large and deeply buried targets, they cannot be used to detect the topology of grounding grid.
In [14] , derivative method is used to measure the position of branches of grounding grid. 1st, 3rd and 5th order derivatives of the surface magnetic flux density are taken and the position of the peak shows the position of the branch. But this method is only applicable when the grid is parallel to the plane of earth surface that in practice is not known. In addition, the paper only discusses the branch position, and does not show any method of how to connect the branches and determine the complete topology of the grid. Similarly [15] used 2nd and 4th order derivative to determine the branch position, but was unable to connect the branches. This paper proposes a method to determine the location of the grid in the plane of earth surface by taking the derivative of surface flux density on circle and then using the line and circle derivatives to determine the topology of the grid. The rest of the paper is organized such that Section 2 briefly explains differentiation and derivative of magnetic flux density on line and circle, Section 3 explains the methodology in detail followed by simulation analysis and experimental tests in Sections 4 and 5. Lastly, the conclusion is provided in Section 6.
DIFFERENTIATION
Derivatives of data are needed in many scientific applications such as the time derivative d/dt to calculate the speed or velocity or the spatial derivatives, used by [14] and [15] to measure the branch position of the grounding grid. Similarly in [16] and [17] derivative of the seismic data is taken to improve its resolution ratio.
Since derivative is the rate of change of a dependent variable with respect to an independent variable, derivative of a function f (x) is expressed using the finite difference quotient as:
where h represents the difference between two data point and f (x + h) is the value of function f (x) at adjacent point x + h [18] . In this paper, spatial derivative of magnetic flux density is taken on lines and circles to measure the topology of a grounding grid.
Line and Circle Derivatives
The concept of line derivative of surface magnetic flux density to measure the position of the branch of the grid has already been presented in [14] and [15] . It is briefly explained here along with the derivative of flux density on circle that leads to the measurement of position or location of a grounding grid in the plane of earth surface and connections verification. Figure 1 shows a conductor of finite length l lying along y-axis such that its starting point is (0, 0). Let h be the burial depth from the earth surface and I be the current flowing in the conductor. Then, according to Biot-Savart's law the magnetic flux density at point P (x, y, z) is expressed as the following:
where dl represents the infinitesimal length element showing the direction of current flow, r and r d are the position vectors of point P and dl while μ is the magnetic permeability of the medium. In case Figure 1 . Figure 1 depicts current carrying conductor of length l, buried at depth h, and I is the current flowing in the conductor. Point P (x, y, z) represents the point on earth surface while C and L are the circle and line used to measure the position of the conductor by taking derivative of B z on them. 
In (3), B has three components, but one is enough for the work to be done so selecting the zcomponent that is
Analyzing (4) B z right above the conductor over the earth surface that is when x equals zero and since the flux density is inversely proportional to the square of the distance between the conductor and the given point ( B z ∝ perpendicularly because in the xy-plane if the conductor is lying along one of the axis it is positioned with respect to the other axis and the two axis are always perpendicular. Circle C is chosen such that it centres the starting point of the conductor because in Polar Coordinate System "θ" shows the angle of a geometrical object only when it is connected to the reference point known as Pole. To verify, derivative of B z is taken on the line L and the circle C shown in Fig. 2 . Giving a closer look to Figs. 2(a) and 2(b), the position of the peak is at '0' on the line while on the circle it is positioned at '90 • (1.57 rad)' that is the same for the position of the conductor beneath the line L and circle C in Fig. 1 .
METHODOLOGY
As shown in Section 2.1 that the derivative of magnetic flux density on the line or circle identify the position of a buried conductor via the position of the peak obtained, derivatives of surface magnetic flux density on lines and circles are to be used in certain order to measure the topology. The series of steps to be followed are discussed below with the condition that the vertical conductor is connected to a node on the grid. This is because the line for the derivative is to be selected such that over the surface, it is right above the conductor, to prevent the disturbance from any diagonal branch in a mesh.
Derivative on the Circle Centering the Vertical Conductor
Since this paper is dealing with an inverse problem, derivative on the circle centring the vertical conductor is taken to find the location (angle) of the grid with respect to the x-axis of the assumed xyplane on the earth surface. This is for the sake of line derivative as the line should be perpendicular to the branches. Once the location (angle) of the grid is determined the position of the vertical conductor is considered as origin (0, 0) while the xy-plane on the earth surface is supposed such that the grid is now parallel to the plane.
Derivative along X-Axis and Y -Axis Crossing the Origin
In this step line derivative is taken along x and y-axis crossing the origin (0, 0) to locate the branches along each line.
Ordered Pairs
In this step the position of branches obtained along x and y-axis in the previous step are arranged to form ordered pairs (x, y).
Plotting and Connecting
As discussed earlier, a grounding grid is a network of metal conductors in which the position of a node is specified by an ordered pair (x, y) in a given plane. The ordered pairs obtained in Section 3.3 are plotted and adjacent pairs are connected to obtain the network.
Line Derivatives to Obtain the Total Number of Nodes
In this step, line derivatives are taken along x and y-axis to obtain the maximum number of branches that the grid has along x and y-axis, thus finally making ordered pairs and connecting them to obtain the topology of the grid.
Connection Verification
The grid topology obtained in the last step is not complete because it is not sure whether all adjacent nodes in the grid are connected. To verify this, the connection between two adjacent nodes, circle derivatives are taken on each node.
NUMERICAL EXAMPLE
All the simulations presented in this paper are performed in COMSOL Multiphysics 4.4 using the AC/DC module. The numerical model considered for simulation analysis is 5 by 5 square grid made up of copper conductors with dimensions equal to 20 × 20 m as shown in Fig. 3 . The grid has the mesh size equal to 5 m and is buried at depth h = 0.8 m in monolayer soil while I = 10 A DC is injected at node 1 from the vertical conductor A and flown out of node 14 through conductor B (leakage current into soil is assumed equal to zero). The position of the vertical conductor A is taken as an origin of the xy-plane on the surface. Usually the mesh size of a practical grounding grid ranges from 3 to 7 m and the radius of each circle is taken as 2 m. The steps defined in Section 3 are followed to measure the topology. Figure 4 shows the derivative of magnetic flux density on c 1 . The peaks are positioned at 0 • and 90 • (1.57 rad) with respect to x-axis, which shows that the grid is lying parallel to the assumed plane. 
Grid Position with Respect to the Plane

Derivative on Lines Crossing the Origin
Taking derivative of B z on l 1 and l 2 gives peaks at points 0, 10, 15, and 20 on x-axis while at points 0, 5, 15, and 20 on y-axis as shown in Fig. 5 . 
Ordered Pairs and Connecting
The position of the peaks in Figs. 5(a) and 5(b) are used to make ordered pairs and then connected to form mesh grid.
Line Derivatives to Obtain the Total Number of Nodes
For convenience, the mesh grid obtained in Fig. 6 is placed on the surface as shown in Fig. 7 . Taking the derivative on l 3 results in an additional peak showing the branch along x-axis at position 5. The result of derivative on l 3 is shown in Fig. 8 . Re-pairing, plotting and connecting results in the topology as shown in Fig. 9 . Figure 10 shows the results of derivative on l 4 and l 5 with no additional peaks. Figure 11 shows derivative of B z on l 6 that adds additional nodes at y = 10 along the x-axis making the topology 5 × 5 as shown in Fig. 12 .
The results of derivative on l 7 , l 8 , l 9 and l 10 are shown in Fig. 13 , which does not change the topology. The outcome is that the maximum number of branches along x and y-axis are 5 that makes a total of 5 × 5 = 25 nodes.
Connection Verification
The topology obtained in the previous step is a 5×5 topology in, which all the horizontally and vertically adjacent nodes are connected. But it is not known whether all adjacent nodes have a connection. To 
EXPERIMENTAL VERIFICATION
Experimental verification of the method is done by using Hall Effect Probe. The device used to conduct the test features such that its probe is moved by a 3D controller in x, y and z direction with an accuracy of 0.01 mm. The spatial range of the device is from 0 to 400 mm. The measurement values of magnetic flux density are recorded by F. W. BELL 7010 Gauss/Tesla meter, which has an accuracy of 30 mT. Initially the position of the device with respect to the table is adjusted and the probe is positioned (0, 0, 0). The grid used to perform the experiment is 5 × 5 square grid made of copper wires. The dimensions of the grid are equal to 360×360 mm that equates mesh size equal to 90 mm. DC current of I = 9.22 A is injected into the grid at node 1 from the vertical conductor (vertically downward to avoid the influence of current source lead) and received from node 14. As the current flows flux density is measured at h = 10 mm above the grid. Fig. 18 shows the model and device used to perform the experiment. Figure 19 depicts the circles c 1 , c 11 , c 13 and lines from l 1 to l 10 (direction of the arrow represents the direction of measurement taken) while Fig. 20 shows the results obtained. The subscript for l and c indicates the count as well as the sequence. 127 equally spaced (3 mm) points are taken on each line while the number of points taken on each circle are 100 that are equally spaced at distance of 3.768 mm. The radius of each circle is chosen r = 60 mm and since the device can only move along the line, points on circle are set using trigonometric equations x = r cos θ and y = r sin θ. Due to EMI in the surroundings and noise caused by differentiation, the original data fluctuates along the axis. Moving Average Technique also known as Moving or Rolling Mean has been used to smooth the original data, which is a statistical technique in, which a sliding window of a certain length is used to find the average and assigned to the location of window. In this work, a window length of three data points was used where each filtered data point was the average of the previous, present and the next data point. This technique is effectively a low-pass filtering using a finite impulse response filter. The test is conducted following the steps defined in methodology. Firstly, to measure the location (angle) of the grid, derivative of magnetic flux density is taken on c 1 that centres the vertical conductor (origin (0, 0)). 
CONCLUSION
Based on electromagnetic field and derivative method, [14] and [15] only achieved to measure branch location for grounding grid located parallel to the plane of earth surface. In practice, the location of grounding grid is unknown. This paper presented a method that not only locates grounding grid but at the same time measures its complete topology. This method is also feasible for the topology of the grid containing diagonal branch. Numerical example and lab test show that the method is feasible to solve the problem of unknown grounding grids.
